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Abstract 
Epitaxial thin films of (00l)- and (104)-oriented Bi4Ti3-xHfxO12(BTH) have been fabricated on (100)- 
and (111)-oriented SrTiO3 substrates with SrRuO3 bottom electrodes by pulsed laser deposition, 
respectively. X-ray diffraction scans revealed that a unique epitaxial relationship between film and 
substrate: BTH (001) //SrTiO3 (001); BTH [1-10]// //SrTiO3 [100] is valid for both orientations, 
irrespective of their orientation. The strong dependences of ferroelectric properties on the film orientation 
were observed. The remanent polarization 2Pr is 45.6ȝC/cm2 for (104)-oriented BTH film, while 2Pr is 
4.5 ȝC/cm2 for (00l)-oriented BTH film. The anisotropic properties of BTH are similar to that of pure 
Bi4Ti3O12(BIT)⧜ the polarization vector of BTH films is close to the a axis, indicating that Hf 
substitution does not change the orientation dependence of electric properties in BIT. 
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1. Introduction  
Bismuth layer-structured ferroelectrics (BLSFs) have been extensively studied concerning both their 
fundamental properties and their device applications in nonvolatile ferroelectric random access memory
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˄NvFRAMS˅[1-5]. Bi4Ti3O12, a typical kind of BLSFs, is an attractive material that has somewhat 
lower processing temperature, larger spontaneous polarization (Ps) and higher Curie temperature (Tc) 
than other BLSFs (e.g. SrBi2Ta2O9) [6, 7]. 
Bulk undoped BIT shows a very high remanent polarization (2Pr§100ȝC/cm2) lying close to the a 
axis. However, BIT thin films exhibit unexpectedly lower 2Pr and suffer from poor fatigue endurance, 
which would fail to meet industrial requirements of NvFRAMS [8, 9]. It is reported that A-site or B-site 
substitution in BIT film is an effective way to improve its ferroelectric properties [10-16]. However, the 
coercive field (2Ec) for A-site substituted BIT films is usually larger than that of pure BIT, while the 2Ec 
for B-site substituted BIT films becomes smaller. In addition, the optimum doping content of the B-site 
(mainly within 2%) is much smaller than that of the A-site (within 25%). These obtained results imply 
that the B-site substitution might be preferred. In our previous work, we have found equal-valence B-site 
substituted BIT thin films by Hf4+ (BTH) lead to large 2Pr, low 2Ec and excellent fatigue-free properties, 
indicating that BTH thin film is a promising candidate for use in lead-free NvFRAMS. 
As we know, the polarization of pure BIT is almost exclusively along the a axis( to c axis), that is to 
say, the BIT films with an orientation further away from the c axis show larger 2Pr than those close to the 
c axis. [17, 18]. Ho Nyung Lee et al. [19] reported that La-doped BIT (BLT) thin films exhibited the 
similar anisotropic ferroelectric properties as BIT, with the 2Pr orientation close to a axis. However, 
according to Chon et al. [20], the c-axis-oriented Nd-BIT thin films (BNT) prepared by sol-gel method 
exhibited large 2Pr value as high as ~100ȝC/cm2. The authors attributed this rather unexpected result to 
the polarization vector of BNT film, which was changed from along the a axis to the c axis after Nd 
substitution. Based on this explanation, ion substitution could change the orientation of polarization 
vector in BIT films. To our knowledge, Hf doping could enhanced the ferroelectric properties of BIT 
films; however, there is no report on the anisotropic properties of BTH films in the literature. It is worth 
investigating Hf-doping effects of orientation dependence of electric properties. Epitaxy seems to be the 
most viable way to achieve such orientation control. Moreover, epitaxial thin films are of great interest 
for NvFRAMS, because randomly oriented polycrystalline films tend to result in unacceptable cell-to-cell 
variations [21].  
In this letter, epitaxial BTH films with c-axis and non- c-axis orientations on SrRuO3 (SRO) coated 
(100)- and (111)-oriented SrTiO3 (STO) substrates are fabricated by pulsed laser deposition, respectively. 
Their structural and electric properties are studied to investigate Hf-doping effects of anisotropic electric 
properties of BTH films. 
2. Experimental procedure 
The BTH films are prepared by pulsed laser deposition (PLD) using a LAMBDA PHYSIK KrF 
excimer laser (248 nm wavelength and 30 ns pulse duration). The target of composition Bi4Ti2.98Hf0.02O12 
is prepared by a conventional solid-state reaction technique from 99.99% pure powders (Bi2O3, TiO2 and 
2% additional HfO2 as the doping material). A 4wt% excess Bi2O3 was added to compensate the 
volatilization of bismuth during process. After ball milling and pressing into pellets, the pellets were 
calcinated at 1200 °C for 8h, and then cold-pressed and sintered at 1400 °C for 8 h in the air to get dense 
and crack-free BTH target. Before the fabrication of BTH films, conducting 50-nm-thick SRO films were 
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prepared as bottom electrodes. The deposition details of SRO films were described elsewhere [22]. 
During the growth of BTH thin films, the substrate temperature was 700 °C, the flowing oxygen pressure 
was 15 Pa and the pulse frequency was 5 Hz. After each deposition, the films were annealed at 600 °C 
with 0.5 atmosphere oxygen pressure for 30 min to decrease the oxygen vacancy and improve the quality 
of films, and then cooled down to room temperature. For the electrical measurements of 
metal/insulator/metal (MIM) parallel-plate capacitors, circular Au top electrodes of 0.2mm diameter were 
fabricated on BTH films by thermal evaporation using a shadow mask.  
The structural properties of the films were characterized by x-ray diffraction (XRD) with Cu KĮ 
radiation (D1 System, Bede), includingș-2ș and ĭ-scans. The ferroelectric properties of BTH thin films 
were evaluated by a ferroelectric test system (TF, Radiant Technologies, Precision LC2000) in a virtual 
ground mode. The dielectric characteristics of Au/BTH/Pt capacitors were measured by HP-4284 
impedance analyzer at a measuring rate of 0.8V and a frequency of 10kHz. All the electric properties 
were measured at room temperature. 
3. Results and discussion 
Fig. 1(a)- (b) exhibit XRD ș-2ș scan patterns of the BTH films on (001)- and (111)-oriented STO 
substrates coated with SRO bottom electrodes, respectively. All the peaks are indexed according to the 
standard powder diffraction data. Since the lattice misfit between SRO electrodes (ac=0.3928nm) and 
STO substrates (ac=0.3905nm) is only 0.6%, the orientations of SRO are identical with STO as can be 
seen in Fig.1. (Note that we consider the crystal structure of SRO as pseudocubic). In Fig. 1(a), the sharp 
(00l) reflections of the BTH and (00l) peaks of STO (SRO) are detectable, indicating that the BTH film 
on (001)-STO is well crystallized and perfectly (00l)-oriented (or c-axis-oriented). In Fig. 1 (b), the BTH 
film is highly (104)-oriented on STO (111) substrate, as shown by very strong (4016) peak with no 
impurities from any other phase. 
X-ray ĭ-scans were performed to investigate the epitaxial qualities and epitaxial behaviors of the 
BTH films on (001)- and (111)-oriented STO. In the ĭ-scan measurements, the typical (117) BTH and 
(101) STO reflections were selected. For each measurement, the 2ș and ȥ, the tilt angle off the surface 
normal, were fixed at define values, as shown in Table I. Then the corresponding ĭ san result was 
obtained by rotating the sample 0°-360°. The results of BTH/SRO/STO (001) and BTH/SRO/STO (111) 
heterostructures were plotted in Figs 2 (a)-(b), respectively. Fig. 2 (a) shows fourfold symmetry with four 
equally spaced peaks separated by 90°, illustrating a very highly c-axis-oriented BTH film with excellent 
in-plane orientation on (001)-STO substrate. In Fig. 2 (b), three equally spaced peaks separated by 120° 
can be observed for (111)-oriented STO substrate, as is expected for cubic STO. Also, three pairs of ĭ-
scan peaks at 120° intervals are observed for (104)-oriented BTH film, indicating the triple-twin situation 
due to the symmetry of the substrate surface. In other words, the BTH (104) films with three kinds of 
domains were grown on the substrates of SrTiO3 (111). The number of twins exactly matches the possible 
number of {001} facets that may occur on faceted (111) surface planes of SrRuO3 or SrTiO3. Similar 
results of ĭ-scans were also reported of BLT and BNT films on STO substrates [19, 23]. 
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Fig.1. XRD ș-2ș scan patterns of the BTH films on (001)- and (111)-oriented STO substrates coated with 
SRO bottom electrodes, respectively.: (a) BTH/STO(001); (b) BTH/STO(001). 
 
 
Fig.2. XRD ĭ-scans of the typical (117)BTH and (101)STO reflections of the samples: (a) (00l)-BTH 
film; (b) (104)-BTH film. 
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Table I Parameters used for X-ray ĭ-scans measurements. (a) BTH/SRO/STO (001) 
heterostructure;  
 2ș ȥ 
BTH (117) 30.12° 50.80° 
STO(101) 32.40° 45° 
 
(b) BTH/SRO/STO (111) heterostructure 
 2ș ȥ 
BTH (117) 30.12° 36.35° 
STO(101) 32.40° 35.27° 
 
By summarizing the XRD results of ș-2ș and ĭ-scans, the epitaxial relationships between BTH 
films and their corresponding STO substrates were derived as follows:  
BTH (001)//STO (001); BTH [1-10]//STO[100], (1) 
BTH (104)//STO (111); BTH [010]//STO[1-10]. (2) 
The relationships are not unique, considering that gains of the film could grow in various variants 
allowed by the crystallographic symmetry. The crystallography   allowed rotations are 90° for STO (100) 
and 120° for STO (111).  
The schematic drawing of epitaxial orientation relationships above are illustrated in Figs.3 (a) and 
(b). Figs.3 (a) exhibits the situation of (00l)-BTH film on STO (001) plane. The lattice mismatch, (dfilm-
dsub) / dsub, along BTH [100]//STO[110] and BTH [010]//STO[-110] are about -1.2% and -2.0%, 
respectively. However, the BTH film with (00l) orientation is well oriented as revealed by full width of 
half maximum (FWHM) values of 0.29° in 2ș scans of (0014) peak (not shown here). Fig.3 (b) shows the 
situation of (104)-BTH film on the STO (111) plane. The two misfit values calculated for the horizontal 
and vertical directions are 1.2% and 2.9%, respectively. And the FWHM values of (4016) peak in 2ș 
scans is 0.4°, indicating good quality of the (104)-BTH film. A three-dimensional representation of the 
relationships (1) and (2) was shown in Fig.4,  revealing that they indeed all correspond to one and the 
same three-dimensional orientation relationship, which can be applied to both substrates with (001) and 
(111) orientations. Thus, we may consider the relationships (1) as the unique epitaxial relationship valid 
for both BTH films epitaxially grown on STO substrates of different orientations. The possible rotations 
due to four-fold and triple-domain structures are not derived from the orientation relationships (1) and 
have to be kept in mind. 
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Fig.3. The schematic drawing of epitaxial orientation relationships: (a) BIT/SRO/STO(111) (b) 
BTH/SRO /STO(001) heterostructures 
 
Fig.4. Three-dimensional schematic drawing of the (a) BTH and (b) STO unit cells explaining the unique 
epitaxial orientation relationship: BTH (001)//STO (001); BTH [1-10]//STO[100] 
Fig. 5 shows a typical polarization versus electric field (P-E) hysteresis loops for (00l)- and (104)-
oriented BTH films measured at room temperature, respectively. The c-axis-oriented BTH film on (001) 
STO substrate shows little ferroelectric activity, with a 2Pr value of ~1.5ȝC/cm2 and a coercive field (2Ec) 
value of 21.5kV/cm at an applied field of about 250kV/cm, while the (104)-oriented BTH film on (111) 
STO substrate exhibits a 2Pr value of 45.7ȝC/cm2and a 2Ec value of 184kV/cm using the same 
parameters.  
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Fig.5. P–E hysteresis loops of the epitaxially BTH films of different orientations: (a) (00l)-BTH film; (b) 
(104)-BTH film. 
Two points should be addressed about the 2Pr value. Firstly, the BTH films have significantly 
enhanced ferroelectric properties comparing with undoped BIT films, with 3 times larger remanent 
polarization, 0.7 times smaller coercive field after Hf doping as we reported elsewhere. As a displacive-
type ferroelectric material, this might be attributed to a large structure distortion which was caused by the 
larger ionic radius of Hf 4+ than Ti4+ and the stronger covalency of Hf-O bond than Bi-O bond which 
could consolidate the BO6 octahedral structure in BTH. Secondly, it is obvious that the ferroelectric 
anisotropy of BTH films is clearly demonstrated: the (104)-BTH film, with orientations close to the a axis, 
shows greatly higher 2Pr than c-axis-oriented BTH film which shows little ferroelectric activity. It is 
revealed that the polarization of BTH films is almost exclusively along the a axis, such as the case of pure 
BIT and BLT films: the films with an orientation close to the a axis show larger 2Pr than those close to c 
axis. Thus Hf substitution does not change the orientation dependence of ferroelectric properties. 
However, for sol-gel-derived BNT films, Chon et al. [20] found that Nd substitution would change the 
spontaneous polarization orientation from a axis to c axis. The change of polarization orientation remains 
unexplained. However, it may be analogous to the situation in strontium bismuth niobate described by 
Watanabe et al. [24]. In that case, the strong dependence of orientation upon small deviations from 
stoichiometry could lead to the great change in 2Pr value along the c axis by as much as 70%. 
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Fig.6.The dielectric constant İr of the epitaxially BTH films of different orientations: (a) (00l)-BTH film; 
(b) (104)-BTH film. 
Fig. 6 displays the dielectric constant İr as a function of frequency for (00l)- and (104)-oriented BTH 
films at room temperature, respectively. These results are obtained using an oscillation voltage of 0.5V 
and a frequency range of 100Hz-1MHz. As shown in Fig.6, the typical values of İr of (00l)- and (104)-
oriented BTH films at 100 kHz are 245 and 425, respectively. Apparently, the dielectric constant of the 
(104)-oriented BTH film is much larger than that of c-oriented film. It is clear that the dielectric constant 
of the BTH films is strongly dependent on the film orientation in the measured frequency range. A similar 
observation has been reported for Bi4Ti3O12 single crystals, for which the dielectric constant measured 
along the a axis is approximately double that along the c axis. Thus, the orientation dependence of the 
dielectric constant shown in Fig.6 suggests that the polarization vector in BTH film is closer to a axis than 
c axis, corresponding to the results of P-E hysteresis loops shown in Fig.5. This fact confirms that Hf 
substitution does not change the orientation dependence of ferroelectric properties. 
 
4. Conclusion 
In summary, epitaxially Hf-doped Bi4Ti3O12 thin films of two different orientations have been 
deposited on (001)- and (111)-oriented STO substrates by PLD method. Epitaxial relationships were 
established to be BTH (001)//STO (001); BTH [1-10]//STO[100], BTH (104)//STO (111); BTH 
[010]//STO[1-10]. It is obvious that the (104)-oriented BTH films, with orientations close to the a axis, 
exhibited significantly higher remanent polarization (2Pr=45.6ȝC/cm2) and dielectric constant (İr=425 at 
100kHz) than the (00l)-oriented BTH films (2Pr=4.5ȝC/cm2,  İr=245 at 100kHz). It demonstrated the 
same electric anisotropy of BTH films as pure BIT, indicating that Hf substitution does not change the 
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